We report a systematic study on the magneto-structural transition in Mn-rich Fe-doped MnFe-Ni-Sn(Sb/In) Heusler alloys by keeping the total valence electron concentration (e/a ratio) fixed. The martensitic transition (MT) temperature is found to shift by following a proportional relationship with the e/a ratio of the magnetic elements alone. The magnetic entropy change (ΔS M ) across MT for a selected sample (Mn 49 FeNi 40 Sn 9 In) has been estimated from three different measurement methods (isofield magnetization (M) vs temperature (T), isothermal M vs field (H) and heat capacity (HC) vs T). We observed that though the peak value of ΔS M changes with the measurement methods, the broadened shape of the ΔS M -T curves and the corresponding cooling power (~140 Jkg -1 ) remains invariant. The equivalent adiabatic temperature change (ΔT) ~ -2.6 K has been obtained from indirect measurements of ΔT. Moreover, an exchange bias field ~ 783 Oe at 5 K and a magnetoresistance of -30% are also obtained in one of these materials.
Introduction
Ni-Mn based full Heusler alloys are found to show large magnetocaloric effect (MCE) rear room temperature with high cooling power [1] [2] [3] , which make them a potential candidate for environment friendly magnetic refrigeration technology. Heusler alloys can undergo a magneto-structural phase transition from ferromagnetic cubic austenite to weakly magnetic tetragonal, orthorhombic or monoclinic martensite structure. This first order magnetostructural transition (FOMST) involves significant changes in the thermal, magnetic, elastic and transport properties. Apart from the MCE, they are also known to show giant magnetoresistance (MR) [4] [5] [6] [7] , magneto-thermal conductivity [8] , magnetostriction [9, 10] , etc. Most of these multifunctionalities are connected with the change in structural and magnetic properties across the FOMST. The martensite phase below 100 K is mostly found in mixed magnetic states and hence exhibit a large exchange bias (EB) effect in the bulk form [11] [12] [13] [14] .
Till date, a large number of Ni-Mn based Heusler alloys have been investigated for their MCE, MR and EB [2, 3] . Addition of other transition metals like Co and Fe are found to be very effective in tuning the FOMST, enhancing the ferromagnetic correlations and consequently the MCE in them in bulk [7, 14, 23, 24, [15] [16] [17] [18] [19] [20] [21] [22] and ribbon form as well [25, 26] .
Although, it is reported that the FOMST of these materials depends on the total valence electron concentration (e/a ratio) of the composition and 3d states hybridization between Mn and Ni atoms, there are some exceptions where the conventional e/a ratio dependence fails [1, 3, [27] [28] [29] [30] [31] [32] .
Apart from these, there are debates regarding the validity of Maxwell's equation for first order phase transitions. It is thought that one might observe a discontinuity in dM/dT across the FOMST [2, 3, 33] . But in practical cases, the FOMST of Heusler alloys are not that sharp to show such discontinuity and thus the Maxwell's equation can still be used. However, the estimated values of MCE parameters like, isothermal magnetic entropy change (ΔS M ) and refrigerant capacity (RC) necessarily need to be crosschecked from different measurement methods like, magnetization and heat capacity.
In an earlier work we have observed that the FOMST temperature follows the total e/a ratio in Fe doped Mn-rich Mn-Fe-Ni-Sn alloys where Fe was doped separately in the place of Ni and Mn [22] . In the present work, we have added Sb and In by replacing Sn in Fe doped Mn-rich Mn-Fe-Ni-Sn(Sb/In) alloys to keep the total e/a ratio fixed and then investigated the variation of the FOMST temperature, MCE, EB and MR. Furthermore, we have estimated the MCE parameters (ΔS M and RC) separately from magnetic and heat capacity measurements and calculated the equivalent adiabatic temperature change (ΔT) indirectly.
Experimental details
All the samples were prepared in an arc-melting furnace inside a 4N purity argon atmosphere. The ingots were turned and re-melted several times (7-8 times) to ensure homogeneity. 5-8% Mn excess was added during the re-melting process to compensate for the loss during melting. The ingots were then sealed separately in evacuated quartz ampoules and kept at 1173 K for annealing. After 96 hours of heat treatment, the ampoules were quenched in ice water. The room temperature powder X-ray diffraction (XRD) patterns were recorded in Bruker D8 Advance diffractometer using Cu-K α radiation. Low-temperature XRD was obtained using the powder diffractometer at beamline BL-18B, Photon Factory, KEK, Japan, using an x-ray wavelength of 0.9782 Å. The final compositions were confirmed by energy dispersive X-rays (EDAX) spectrometer (Zeiss Ultra Plus) and given in Table 1 and 2.
The temperature and field dependent magnetic properties were measured in a Magnetic Property Measurement System (MPMS, Quantum Design) within the temperature limit 5-320 K and up to 50 kOe fields. The heat capacity was measured in a Physical Property Measurement System (PPMS, Quantum Design) within the temperature limit 2-300 K.
Apiezon N was used as contact grease which get melted above 260 K and therefore, large number of data points were taken to null out the effect of contact grease. The magnetotransport properties were measured using a home-made resistivity/magnetoresistance insert along with an 80 kOe-superconducting magnet system from Oxford Instruments within the temperatures between 5 K and 324 K. respectively [34] . Fig. 1(g) depicts the XRD pattern for Mn/Fe-1 measured at 15 K. Here, the sample has dominated martensite structure with small mixture of austenite phase due to the generated strain in powder sample [35] . The lattice parameters at 320 K and 15 K have been estimated using Le Bail fit of the temperature dependent XRD data and given in table 1.
Results and discussion

Structural and temperature dependent magnetic characterization
Ni/Fe-1, 2, Mn/Fe-1 and 2 samples are found to have mostly tetragonal structure at 15 K. As Fe has larger atomic radius than Ni, the cell volume increases slowly with Fe at%. Although, the Fe atoms are smaller than Mn, atomic radius of In is larger than Sn and therefore the lattice parameters increases with increasing Fe content in Mn/Fe series. Sample's name Fe, whereas the same increases when Mn is replaced by Fe. It has been reported that the structural transition of these alloys holds a proportional relationship with the e/a ratio [1, 3, [28] [29] [30] 36, 37] . Here, we have kept the e/a ratio constant by replacing Sn with Sb/In (Table 2) . But, the FOMST still shifts as we vary the composition of Mn or Ni by adding Fe.
Previously, we have obtained a very similar change in the structural transition temperature in Ni/Fe and Mn/Fe series by varying the total e/a ratio [22] . In the present study, the decrease or increase in FOMST can be attributed to contribution from the valence electron of only the magnetic elements (Ni, Mn, Fe). Therefore, the valence electrons of the post transition elements (Sn, In, Sb) appear to be of less consequence in stabilizing the martensitic transition in this alloy family. T C A increases with the increase in Fe and irrespective of e/a ratio for both the series which might due to the enhancement in ferromagnetic correlation with increasing Fe. Fig. 3(d) shows the temperature dependence of H EB and coercivity (H C ) of the Mn/Fe series samples. As the temperature increases, the unidirectional anisotropy created at the interfaces between the ferro and aniferro sites becomes weak due to the decrease in size of the antiferromagnetic matrix and thus H EB decreases with increasing the temperature and almost vanishes near 80 K for all the samples [11] [12] [13] . This temperature is known as the EB blocking temperature (T EB ). The H C initially increases with the temperature due to the relative increment of ferromagnetic part in the sample. The same decreases monotonically as the EB effect get blocked. 
Exchange bias effect
MCE from high field M vs T measurement
The M-T curves in presence of 10 kOe and 50 kOe magnetic fields are plotted in Figs. 4(a) -4(d) for Ni/Fe-1, Ni/Fe-2, Mn/Fe-1 and Mn/Fe-2 samples respectively. A finite shift in the structural transition temperature is observed, which is due to the field induced metamagnetic transition (FIMMT) in these alloys. The structural phases of these samples have a large dependence on the applied magnetic field. It is possible to complete a full transition of structure from tetragonal martensite to cubic austenite phase by only applying a very high magnetic field while keeping the sample at a temperature just below the A S [38] . of these alloys significantly suffers from the field history effect [38] [39] [40] . Therefore, we have followed the discontinuous cooling protocol where the sample was heated to 320 K and cooled back to the targeted temperature before taking data. The magnetization at 50 kOe field decreases with the measurement temperature due to the structural phase transition. The ΔS M of these two alloys has also been calculated from the isothermal M-H curves using the Maxwell's equation [3]   
MCE from isothermal M vs H measurement
MCE from heat capacity measurements
We have also verified the MCE of Mn/Fe-1 by heat capacity (HC) measurements. where, T 0 denotes the lowest obtainable temperature of our measurement ( ~ 2 K). As we are only calculating the change in entropy, this assumption of integration limit will not affect the result. The peak value of ΔS M is lower compared to that obtained from magnetization data (table 3 However, the peak is similarly broadened for Mn/Fe-1 sample. Therefore, we can achieve a large cooling power from all the ΔS M -T curves of the same sample. One can notice that the values of magnetocaloric parameters obtained from the three different measurement methods as reported in this paper are not considerably different with one another. In more general words, magnetic refrigeration technology holds universality in terms of different investigation methodologies. We have also used the HC data to calculate the equivalent indirect change in temperature (ΔT) by using equation (4) where, T H and T 0 are respectively the temperatures for H = 50 kOe and 0 under constant entropy or adiabatic condition. The maximum ΔT is found to be -2.6 K for the Mn/Fe-1 sample near 274 K. Such negative value of ΔT corresponds to the adiabatic magnetization process where magnetic refrigeration can be realized by adiabatically applying the magnetic field.
We have calculated the refrigerant capacity (RC) using equation (5) 
Magnetoresistance
The magnetoresistance of these materials has been estimated using equation (6) from zero field and 80 kOe temperature dependent resistivity data during heating and cooling which is plotted in Fig. ρ Isothermal MR is plotted in Fig. 8 
Conclusion
In summary, we have performed a systematic study on the magneto-structural transition, exchange bias, magnetocaloric effect (MCE) and magnetoresistance in Mn-rich 
